• Forest degradation and illegal logging are revealed in the production forest in Myanmar.
a b s t r a c t
Appropriate cutting cycles and annual allowable cuts are crucial to ensure sustainability of tropical selective logging, but there have been limited field data to verify long-term effects of different cutting cycles. This study reveals some evidence of forest degradation in selectively logged production forests of Myanmar, which are subject to inappropriate cutting frequency. We compared stand structure, commercial species composition, and incidence of illegal logging between two compartments with low (LCF; 1 time) and high (HCF; 5 times) cutting frequency over a recent 18 years. Prior to the latest cutting, LCF had 176 trees ha −1 with an inverted-J shape distribution of diameter at breast height (DBH), including a substantial amount of teak (Tectona grandis) and other commercially important species in each DBH class. HCF prior to the latest cut had only 41 trees ha −1 without many commercially important species. At HCF, nearly half the standing trees of various species and size were illegally cut following legal operations; this was for charcoal making in nearby kilns. At LCF, two species, teak and Xylia xylocarpa, were cut illegally and sawn for timber on the spot. More extensive and systematic surveys are needed to generalize the findings of forest degradation and illegal logging. However, our study calls for urgent reconsideration of logging practices with high cutting frequency, which can greatly degrade forests with accompanying illegal logging, and for rehabilitating strongly degraded, bamboo-dominated forests. To reduce illegal logging, it would be important to pay more attention on a MSS regulation stating that logging roads should be destroyed after logging operations.
Introduction
Selective logging is a common practice for timber production in tropical natural forests. There have been increasing global concerns about sustainability of tropical selective logging in terms of timber production (Kammesheidt et al., 2001; Sist and Ferreira, 2007) , biodiversity conservation (Edwards et al., 2012; Putz et al., 2012; Burivalova et al., 2014; Edwards et al., 2014a) , and carbon and/or energy exchange (Miller et al., 2011; Zimmerman and Kormos, 2012; Sasaki et al., 2012; Medjibe et al., 2013; Sist et al., 2014; Griscom et al., 2014; Pearson et al., 2014) . The determination of appropriate cutting cycle or frequency and annual allowable cut (AAC) is crucial to ensure the sustainability of tropical selective logging (Kammesheidt et al., 2001) . Many growth and yield models have already been developed and widely used for improving cutting cycles to ensure sustainable yield and stand structure (Kammesheidt et al., 2001; Sist et al., 2003b; van Gardingen et al., 2006) . It is doubtless that such models are necessary to predict the future of forest stands under different management options. There have also been numerous studies using field surveys to examine effects of selective logging on stand structure and species composition (e.g. Brown and Gurevitch, 2004; Putz et al., 2012; Gourlet-Fleury et al., 2013; Burivalova et al., 2014; Edwards et al., 2014b) . However, such field studies mostly evaluated effects of a one-time logging operation (Panfil and Gullison, 1998; Kammesheidt, 1998; Parrotta et al., 2002; Okuda et al., 2003; Villela et al., 2006; Kao and Iida, 2006; Rutten et al., 2015) , and so there are still limited field data showing the results of repeated logging under different cutting cycles.
Myanmar has a long history since 1856 of the forest management system known as the Myanmar Selection System (MSS). The dominant forest type under MSS is tropical mixed deciduous forest, with teak and a few commercially important hardwood species selectively harvested (Dah, 2004) . The principle rules of MSS are a cutting cycle of 30 years, minimum diameter cut for each commercial species, and AAC calculated from forest inventory data. MSS has been using elephants for most skidding operations, which is considered to have less impact than the heavy machines commonly used in other countries (Brunner et al., 1998) . With more than one hundred years of experience in continuous timber extraction, the MSS can be considered a sustainable practice and suitable for maintaining multi-species, natural teak-bearing forests (Dah, 2004) . However, studies using remote sensing have revealed that forest degradation, defined as a reduction of canopy cover, has been increasing in selectively logged forests in Myanmar during recent decades (Mon et al., 2010 (Mon et al., , 2012a . One of the reasons for degradation in the production forest may be a shorter felling cycle with production exceeding AAC for some compartments (Mon et al., 2012b) . This deficient practice is carried out because Myanmar's forests have been facing high pressure from increased resource utilization associated with population growth and high demand from neighboring countries, and the country had been heavily reliant on earnings from export of timber, particularly between 1990 and 2000 (Mon et al., 2012b) . Another reason may be illegal logging in those forests (Mon et al., 2012b) . However, there has been very limited field evidence to verify how stand structure and species composition are degraded, and which species and tree size are illegally cut after repeated logging operations.
The objective of this study was to show field evidence of forest degradation in a selectively logged production forest of Myanmar. We compared stand structure, commercial species composition, and incidence of illegal logging between two stands subject to different cutting frequencies during a recent 18 years. In addition to woody species, bamboos were measured since their dominance in tropical deciduous forests can be a form of degraded forest (Larpkern et al., 2009) . A specific point of the study was to evaluate stumps for quantifying the amount and pattern of illegal cutting, as distinct from legal cutting.
Methods

Study site
The study sites are located in Bago Yoma, which has the longest history of MSS. (Fig. 1) . This RF has 119 compartments with total area 79,613 ha. The areas of compartments 93 and 29 are 740 ha and 1238 ha, respectively (Fig. 1) . Our criteria to select two compartments 93 and 29 to be compared were that (1) the cutting frequencies were largely different, (2) the locations were relatively close within the same RF and (3) the timings of the latest legal logging operations were close in recent years. Here, there is a typical tropical monsoon climate with two distinct seasons, a wet period from the end of May through October and dry period from November through May. Mean annual rainfall is 3360 mm with average humidity 82.9%, and mean annual temperature is 26.7°C in the Bago District.
Timber extraction with shorter cutting cycles than the 30-year MSS standard has been done in many compartments of South Zamaye RF in recent decades, separately for teak (Tectona grandis) and other hardwood species. In compartment 93, timber harvesting during 2012 was the first instance of hardwood extraction after 1995. In compartment 29, there were two teak extractions in 2000 and 2009 and three other hardwood extractions in 1999, 2004 and 2011. Although there was no documentation available for timber extraction prior to 1995 in either compartment, old stumps indicated that timber was harvested at least twice before that year. In this study, we refer to compartments 93 and 29 with low and high cutting frequencies as LCF and HCF sites, respectively. 
Logging operations
Under MSS, tree species are classified into six commercial species groups; teak, and Groups I-V. Teak is the most valuable, and its commercial value as timber decreases from Group I through V. Xylia xylocarpa, Pentacme siamensis and Dalbergia oliveri are the representative species of Group I, and Group V has lesser-used species (LUS). Exploitable tree size for harvesting varies with species (Dah, 2004) . For potentially large tree species such as Tectona grandis, Dipterocarpus spp., Hopea odorata, Anisoptera scaphula and Parashorea stellata, the minimum exploitable diameter at breast height (DBH) is 78 cm. The DBH for Xylia xylocarpa, Lagerstroemia speciosa and Lagerstroemia tomentosa is prescribed at 68 cm, whereas other hardwood species are set at 58 cm. Staff of the Myanmar Forest Department select and mark trees to be cut. Then, felling and skidding operations are carried out by the government-side Myanmar Timber Enterprise and/or its subcontracting agent, normally July through December. It is a rule that trees are to be felled toward bamboo clumps rather than toward residual trees, to avoid unnecessary tree damage. Skidding of logs away from felled tree stumps to a log deck where the logs are temporarily collected is done with elephant power (see Photo 5 in Supplementary material S1). Forest roads for log transportation are usually constructed at the end of the rainy season, generally after November when the soil hardens. Two types of forest roads, forest access and feeder, are principally constructed at logging sites. These roads are usable only in the dry season.
In the latest operations, 1071 and 1422 trees were marked in compartments 93 and 29 in 2012 and 2011, respectively.
Field measurements and data analysis 2.3.1. Compartment 93 or low cutting-frequency site (LCF)
At LCF prior to the latest felling in late December 2012, two 1-ha rectangular plots were established between 25 November and 10 December 2012, in an area with trees marked for felling. The base point of one 1-ha plot was selected to include marked trees, and the base line and cross lines were laid out in the northern and western directions from that point. The starting point of the other 1-ha plot was 100 m east of the base point. In determining the base point of the plots, we attempted to find a location representative as a production stand at which the plots included some of the trees marked for harvesting, while avoiding inaccessible areas, which are mainly too steep and/or lack commercial species. In the two plots, DBH for all trees with DBH ≥ 10 cm and the number of bamboo clumps were measured prior to felling. For each bamboo clump, the number of culms and maximum and minimum culm DBH (cm) were measured for calculating basal area (BA, m 2 ) of each clump, as
where BA i is BA of the ith bamboo clump, n is the number of culms, and D max and D min are the maximum and minimum culm DBH in the ith clump, respectively (Thein et al., 2007) . Species of trees and bamboo were identified with the aid of local foresters and field staff working in the extraction agency, and then confirmed by the checklist of Kress and Lace (2003) . In December 2014, 2 years after felling operations, we visited the plots again to check whether the measured trees were illegally cut in the two 1-ha plots and to record tree number (see Photo 1 and 2 in Supplementary material S1).
Compartment 29 or high cutting-frequency site (HCF)
Unlike at LCF, we did not measure stand structure prior to felling in two 1-ha plots at HCF due to time limitation for the measurements. Rather, we measured standing trees and stumps after the latest logging operation in one 1-ha plot, from which we reconstructed stand structure prior to felling.
In March 2012, one year after the last logging operation, we established a 1-ha rectangular plot in a logged area of HCF. In choosing plot location, priority was given to the inclusion of recently officially harvested stumps, to avoid inaccessible areas as a production stand. Those areas are mainly too steep and/or lack commercial species. It was easy to distinguish legally cut stumps from illegal ones, because the former were hammer-marked (see Photo 3 in Supplementary material S1). In addition, the diameter of stumps from legal cutting was greater than the minimum diameter cut limit (MDCL) and stump height was ∼0.4 m, whereas illegally cut stumps were smaller and higher (see Photo 4 in Supplementary material S1). We measured the DBH of standing trees with DBH ≥ 10 cm and the largest and smallest culms within single clumps. We measured stump diameter (d) and height (h), from which we estimated stump DBH using the stem shape model (Thein et al., 2007) :
−0.114 ).
Result
Stand structure and species composition prior to most recent logging
Stand structure prior to the most recent logging, which was done in 2012 at LCF and 2011 at HCF, was substantially different between the two sites ( and to tree BA at HCF (10.83 m 2 ha −1 ). There were three bamboo species; Bambusa polymorpha was the dominant bamboo species and only a few clumps of Cephalostachyum pergracile at both LCF and HCF, while Gigantochloa nigrociliata was found as the second only at LCF.
The DBH distribution was also substantially different between LCF and HCF ( Fig. 2 ; chi-squared = 37, p < 0.0001).
An inverse-J shape of the distribution was found at LCF, but HCF had a shape with a single peak. Tree number was similar 
Table 2
Tree density (ha −1 ) for each species group before and after cutting for low cutting frequency (LCF) and high cutting frequency (HCF). between the two sites for DBH classes > 60 cm, but their deviation increased in smaller DBH classes. There were only a few trees in the two smallest DBH classes at HCF. Table 2 shows tree number of each commercial species group (see the species list in Supplementary material S2). Teak and all the other groups (I through V) had a substantial extent at LCF. In particular, Tectona grandis, Xylia xylocarpa (group I), Terminalia tomentosa (group III), Anogeissus acuminata (Group III), and Homalium tomentosum (group V) are representative of mixed deciduous forests in this region. However, at HCF, there were low tree densities, and Tectona grandis and Terminalia tomentosa, the two main characteristic species in the area, were lacking. The DBH distribution of each species group is shown in Fig. 3 . At LCF, all species groups except IV had DBH distributions resembling the reverse-J shape; tree numbers were largest in the smallest DBH class and they decreased with increasing DBH class. Tables 1 and 2 include information on legally and illegally cut trees. For legal cutting, respective felling intensities were 5 and 3 trees ha −1 at LCF and HCF, and average DBH was >80 cm (Table 1, Fig. 4 ). On average, 3 species ha −1 were legally cut from various species classes (Table 2) .
Species group Prior to most recent cutting Legally cut trees
Legally and illegally cut trees, and residual stands structure and composition
For illegal cutting, almost half the remaining trees (18/38) at HCF were cut illegally among six species, mainly from the species group II (Table 2, Fig. 4 ). At HCF, the illegally cut average DBH (39.9 cm) was much smaller than legally cut (Fig. 4) , whereas illegally cut BA (2.48 m 2 ha −1 ) was much larger than legally cut (Table 1) . At LCF, 6 trees ha −1 were illegally cut (Table 1) . Within the 2-ha area measured at LCF, we found that seven teak and two Xylia xylocarpa of Group I were cut illegally and sawn for timber near their stumps, and their average DBH was 50.4 cm (Supplementary material S2) . The other three smaller trees from Groups II and V were also cut but used for the saw pit, with average DBH = 22.2 cm. At HCF, however, we did not find such signs of sawing timber in and near the plot. Instead, we found charcoal kilns near the plot.
The remaining stand after legal and illegal cutting at HCF was greatly degraded just one year after legal cutting; tree density and BA were only 20 ha −1 and 4.39 m 2 ha −1 , respectively. Tree species number also declined, from 15 to 11 (Table 1) . At LCF, changes two years after legal cutting were relatively small. The reduction in tree density was 6.3% (176-165 ha −1 ) and only one species disappeared in the 2-ha area. Nevertheless, the reduction of tree BA was substantial, at 20% (16.4-12.5 m 2 ha −1 ), 40% of which was attributed to illegal cutting (Table 1) .
Discussion
Forest degradation
The annual deforestation rate of Myanmar, 0.95%, is one of the highest for a tropical country, but a much higher rate of 6.2%, has been reported for forest degradation, defined as a reduction of closed forest with canopy cover >40% (FAO, 2010) .
Such a high degradation rate relative to deforestation has also been observed in the production forests of Bago Yoma (Mon et al., 2010) . Overharvesting beyond AAC with short cutting cycles and illegal timber extraction could be causes of forest degradation in Myanmar production forests (Mon et al., 2012b) , but there has been a dearth of field evidence verifying conditions of those forests. We found a strongly degraded condition with very low stocking (41 trees ha −1 , BA = 8.25, and 8.17 m 2 ha −1 for trees and bamboo) and less commercially important timber species without teak in the stand subject to HCF (a total of four times, or two times each for teak and other hardwood during logging over 17 years). This cutting frequency is much too high, well beyond the MSS standard 30-year cutting cycle. In contrast, much more trees (176 trees ha −1 , BA = 16.4, and 10.8 m 2 ha −1 for trees and bamboo) was found in the LCF stand, which had no logging records in the recent 17 years. A structure very similar to LCF is found in data from Kabaung RF, also in Bago Yoma (Thein et al., 2007) . for trees and bamboo. LCF had a substantial extent of commercially important species in each DBH class (Fig. 3) . For the example of teak, tree density was 22.5 ha −1 , there were at least two trees in each DBH class, and the number was larger in smaller DBH classes (Fig. 3) . This figure concurs with the recommendation by Sist et al. (2003a) that harvesting should be limited to species with density > one adult (>50-cm DBH) tree ha −1 . These results call for renewed recognition of the importance of following the 30-year standard cutting cycle at a minimum. However, studies using simulation models or the stock recovery formula have suggested extending cutting cycles from 30 to 60 years, to ensure sustained yield in Venezuela (Kammesheidt et al., 2001) and Brazil (Kammesheidt et al., 2001; van Gardingen et al., 2006) , and from 35 to 40 years with reduced logging intensity in Indonesia (Sist et al., 2003b) . Therefore, the MSS standard cycle should be reevaluated via such modeling approaches. Hence, tree growth measurements will be crucial, because there has been a dearth of growth data required for such modeling.
One of the greatest differences between LCF and HCF was found in DBH distribution, even prior to the most recent felling (Fig. 2) . LCF showed the reverse-J shape, typical for a tropical natural forest, whereas HCF had very few trees with DBH < 30 cm and a modal distribution. As in other tropical countries, the MSS cuts only a few large trees more than the MDCL, for each commercial species (Fig. 4) . Thus, it is common that felling and skidding operations of such large trees damage residual trees by as much as 20%, when felling intensity is 3-5 trees ha −1 (Picard et al., 2012) . In addition, smaller residual trees are more subject to severe damage, resulting in higher mortality (Picard et al., 2012) . Such felling and skidding damage may be one cause of the low number of small trees at the repeated logging stand. However, our study showed evidence that degradation is attributable to not only felling and skidding damage but also illegal logging, as mentioned below. In addition, the bamboo-dominated structure at HCF would hamper tree regeneration. It is reported that increased disturbance from tree cutting and charcoal burning has shifted dominance from various tree species to a few bamboo species (Larpkern et al., 2011) . In the present study, the density of bamboo clumps (116 ha −1 ) was much greater than that of trees (41 ha −1 ). In such bamboo-dominated conditions, management of bamboos by controlling their distribution in areas of high bamboo density can be an important forest restoration method (Larpkern et al., 2011) .
Illegal logging
Our field surveys revealed illegal logging one or two years after legal logging at both sites, but in different manners. At LCF, illegal logging focused on two species, teak and Xylia xylocarpa, which are the best and second-best commercially important species for sawn timber. At HFC, a large number trees were extracted, mostly from the middle size-classes, including various species for making charcoal. Such variable types of illegal logging should be considered in plans to combat illegal logging.
Illegal logging likely occurs near logging roads (Jepson et al., 2001; Laurance et al., 2009 ). Construction of logging road increases accessibility to logged sites, and so is considered a trigger of forest degradation and subsequent deforestation (Asner et al., 2006) . In MSS, logging roads are constructed by bulldozer for use only in the dry season. Such temporary roads cannot normally be used after the subsequent rainy season, because of steep gullies and erosion in many parts. Old road tracks are commonly used for constructing new roads, so repeated operations over short intervals for road construction are likely to make a temporary road more physically stable. This would increase accessibility accordingly. In fact, we observed that the soil surface of temporary roads at HCF was relatively stable. Houses of bamboo were constructed along the logging roads at HCF but not at LCF. MSS has a regulation stating that logging roads should be destroyed after logging operations. Such attention to accessibility would be important to reduce illegal logging.
The illegal nature of timber harvests makes it difficult to locate and quantify overall amounts of timber harvested, largely because illegal logging frequently does not produce large canopy gaps visible on satellite images (Scabin et al., 2012) . In our study, we were able to clearly distinguish illegal cutting from legal cutting based on hammer marks and size/height of stumps in the field. It can be time-consuming to estimate illegal logging from field surveys of stumps. However, recent forest inventories of many countries include stump measurements for carbon stock and biodiversity evaluation (Woodall et al., 2009) . Thus, such stump measurements in regular forest inventories can be readily used for estimating the extent of illegal logging if there is a clear difference between legally and illegally cut stumps, as in the present study of MSS.
Conclusions
MSS, with its long history, is believed to be a form of sustainable forest management, with low-impact operation owing to elephant skidding and directional felling toward bamboos. However, the present study showed some evidence from field surveys that this belief is not justified when the MSS-standard cutting cycle of 30 years is not followed. We confirmed that repeated logging at shorter intervals can strongly degrade stands, with very poor stocking of even commercially lowervalue species, especially with smaller tree size. The major reason for this was the repeated construction of logging roads, which increased accessibility and facilitated illegal cutting of even non-timber species for charcoal making. Conversely, the stand with less frequent cutting had much more trees, with commercially high-value species for subsequent cutting-cycle operations. This confirmed the importance of following the MSS 30-year cutting cycle to ensure sustainability.
More extensive and systematic surveys are needed to generalize our results of forest degradation related to cutting cycles in production forests of Myanmar and other countries. This would be possible if regular forest inventory programs include stump measurements for estimating not only carbon stock and biodiversity but also illegal cutting. This present study calls for an urgent rethink of logging operations with short cutting cycle and for rehabilitation of bamboo-dominated degraded forests where natural regeneration is difficult.
